Proteolytic processing of the Sindbis virus non-structural polyproteins (P123 and P1234) and synthesis of minusand plus-strand RNAs are highly regulated during virus infection. Although their precise roles have not been defined, these polyproteins, processing intermediates or mature cleavage products (nsPl -4) are believed to be essential components of viral replication and transcription complexes. In this study, we have shown that nsP4 can function as the polymerase for both minus-and plusstrand RNA synthesis. Mutations inactivating the nsP2 proteinase, resulting in uncleaved P123, led to enhanced accumulation of minus-strand RNAs and reduced accumulation of genomic and subgenomic plus-strand RNAs. In contrast, no RNA synthesis was observed with a mutation which increased the efficiency of P123 processing. Inclusion of this mutation in a P123 polyprotein with cleavage sites 1/2 and 2/3 blocked allowed synthesis of both minus-and plus-strand RNAs. We conclude that nsP4 and uncleaved P123 normally function as the minus-strand replication complex, and propose that processing of P123 switches the template preference of the complex to minus-strands, resulting in efficient synthesis of plus-strand genomic and subgenomic RNAs and shut-off of minus-strand RNA synthesis.
Introduction
Sindbis virus (SIN), a plus-strand RNA virus, is the prototype alphavirus. Upon infection of cells, the genomic RNA initially serves as an mRNA to produce the virusencoded components of the replication and transcription machinery (Strauss and Strauss, 1986) . Viral RNA replication is initiated by the synthesis of a full-length minusstrand RNA complementary to the genomic 49S plus-strand RNA. This minus-strand then serves as the preferred template for the synthesis of both 26S subgenomic mRNA and additional genomic RNA. Three to four hours postinfection the synthesis of minus-strand RNA ceases while the production of plus-strand genomic and subgenomic RNAs continues throughout the infectious cycle (D.L. S.G.Sawicki et al., 1981) .
The non-structural proteins (nsPs) involved in SIN RNA replication are translated as two large polyproteins from the 5' two-thirds of the viral genome (Strauss and Strauss, 1986) . Translation of the genomic RNA results in a 200 kDa polyprotein, P123, which terminates at an in-frame opal termination codon and encodes nsP1, nsP2 and nsP3. At a low frequency, readthrough of the opal termination codon occurs, resulting in the production of a 250 kDa polyprotein, P 1234, which encodes nsP1, nsP2, nsP3 and nsP4. These polyprotein precursors are co-or post-translationally processed by a protease activity residing in the C-terminal domain of nsP2 (Ding and Schlesinger, 1989; Hardy and Strauss, 1989) , to generate several intermediate polyproteins and the four individual nsPs (Hardy and Strauss, 1988; de Groot et al., 1990 ; Shirako and Strauss, 1990) . Because the synthesis of P1234 is dependent on readthrough of an opal termination codon, nsP4 and nsP4-containing polypeptides are underproduced relative to the other nsPs (Strauss et al., 1983) . During the infectious cycle the predominant species of polyprotein intermediates changes as the various nsP2 protease-containing polyproteins have different cleavage site preferences (Hardy and Strauss, 1988; de Groot et al., 1990;  Shirako and . The fact that the virus has such a complex regulatory scheme for production of its nsPs suggests that the temporal regulation of protein processing is important for efficient replication.
It is likely that the non-structural polyproteins or the nsPs function as a complex, but possible roles for different portions of the nsP-coding region in RNA replication have been postulated on the basis of sequence comparisons, biochemical assays and studies using SIN mutants. The nsPI region is thought to be involved in minus-strand synthesis (Hahn et al., 1989b; Wang et al., 1991) and appears to be associated with a methyltransferase activity (Mi et al., 1989; Mi and Stollar, 1991) . As mentioned earlier, the C-terminal domain of the nsP2 region contains a proteolytic activity responsible for cleavage and processing of the viral nonstructural polyproteins (Ding and Schlesinger, 1989; Hardy and Strauss, 1989; Strauss et al., 1992) while the N-terminal domain contains conserved motifs found in nucleotidebinding and helicase proteins (Gorbalenya et al., 1989) . Mutations in the C-terminal region of nsP2 can result in temperature-sensitive subgenomic RNA synthesis (Hahn et al., 1989b; Sawicki, 1985, 1993) or resumption of minus-strand synthesis (Sawicki and Sawicki, 1993) . The nsP3 region consists of a conserved N-terminal domain and a highly divergent and dispensable C-terminal portion (LaStarza et al., 1994) . Recent studies have shown that mutations in the nsP3 region can affect both minus-strand and subgenomic RNA synthesis (M.W.LaStarza, J.A.Lemm and C.M.Rice, submitted; Y.Wang, S.G. Sawicki and D.L.Sawicki, submitted) . It has also been shown that nsP3 and nsP3-containing polyproteins are phosphorylated (Li et al., 1990) , but the role of this phosphorylation in SIN RNA replication, if any, is not known. The nsP4 region is thought to function as the viral RNA polymerase as it shares amino acid homology with the RNA dependent RNA polymerase of other animal and plant viruses (Kamer and Argos, 1984) and mutations which inhibit the elongation activity of the viral replicase have been mapped to this region (Barton et al., 1988; Hahn et al., 1989a) . Data also suggest a role for the nsP4 region in the regulation of minus-strand synthesis (Sawicki et al., 1990) . nsP4 is present in two predominant forms in SIN-infected cells, P34 and the cleavage product nsP4. One study has shown that an increase in the P34/nsP4 ratio correlates well with the timing of the shut-off of minus-strand synthesis. This result led to the hypothesis that nsP4 is the active form of the RNA polymerase for minus-strand synthesis while P34 is responsible for production of plus-strand RNAs (de Groot et al., 1990) .
Little is known about the mechanisms utilized by positivestrand animal RNA viruses to regulate synthesis of the various viral RNA species. RNA replication is highly regulated in SIN infected cells; minus-strand synthesis requires continued protein synthesis and is shut off early in infection whereas late plus strand synthesis is independent of translation and continues throughout the infectious cycle.
These results suggest that there are differences in the complexes responsible for synthesis of plus-and minusstrand RNAs. Previous studies using a vaccinia virus transient expression system demonstrated that coexpression of P123 and P34 was required for both replication and transcription of a SIN-specific substrate RNA and that uncleaved P123 could function in both plus-and minus-strand replication complexes (Lemm and Rice, 1993a,b viral polymerase. However, nsP4, when expressed independently by inclusion of an additional N-terminal Met residue, could only function in minus-strand RNA synthesis during coexpression with P123. Further, cleavage at the 3/4 site was found to be essential for SIN RNA replication, suggesting a requirement for either mature nsP4 or a critical interaction between the nsP2 protease and the 3/4 cleavage site. In this work, ubiquitin-nsP4 (Ub-nsP4) fusions allowed expression of nsP4 derivatives with different N-termini to examine the importance of the N-terminal residue of nsP4 for formation of functional replication complexes. Since expression of these Ub-nsP4 fusions removed the requirement for nsP2-mediated cleavage at the 3/4 site, it was also possible to test the activity of P123 polyproteins containing substitutions which abolished or enhanced proteinase activity. The results from these and other (Sawicki and Sawicki, 1993; Shirako and Strauss, 1994) studies suggest a unifying model for the temporal regulation of minus-and plus-strand RNA synthesis.
Results
Generation and expression of ubiquitin -nsP4 fusion proteins nsP4, when expressed independently by the addition of an N-terminal Met residue, can function in the synthesis of only minus-strand RNAs during coexpression with P123 (Lemm and Rice, 1993a) . To investigate whether an nsP4 with a wild-type N-terminal residue is important for formation of functional replicase/transcriptase complexes, a vaccinia transient expression system was used to express a series of Ub-nsP4 fusion proteins containing single amino acid substitutions for the N-terminal residue of nsP4 (Figure 1 ). Ub-nsP4 fusions consisted of nsP4 containing either its authentic N-terminal Tyr residue or nsP4 moieties in which the Tyr residue had been replaced with Met, Arg, Ala or Leu. As shown in previous studies using ubiquitin-,Bgalactosidase fusion proteins (Bachmair et al., 1986) , cellular ubiquitin C-terminal hydrolase should cleave immediately after the C-terninal Gly of ubiquitin (Pickart and Rose, 1985) and before the first amino acid of nsP4, thus generating nsP4 molecules that contain no additional N-termiinal residues and differ only in their N-termini (T.Riimenapf, in preparation).
Products expressed from the Ub-nsP4 fusion constructs were analyzed by immunoprecipitation of proteins labeled in vivo (Figure 2 ). Uncleaved Ub-nsP4 species were not detected and instead the nsP4 proteins comigrated with nsP4 expressed independently by inclusion of an N-terminal Met residue (which has previously been shown to comigrate with nsP4 synthesized in SIN-infected cells), suggesting that the ubiquitin portion had been efficiently removed. Although pulse-chase experiments were not performed to compare rigorously the stability of the various nsP4 proteins, the levels observed in Figure 2 (Met-nsP4 2 Ala-nsP4 > Tyr-nsP4 > Arg-nsP4 2 Leu-nsP4) appear to reflect the same relative order of metabolic stabilities predicted by the N-end rule (Bachmair et al., 1986; Gonda et al., 1989; de Groot et al., 1991) .
Assays for replication/transcription using an engineered SIN-specific substrate RNA To determine whether nsP4 molecules generated from the Ub-nsP4 fusion proteins could function as components of active replication complexes, their ability to replicate a SINspecific substrate RNA was assayed. This engineered substrate RNA contains all the necessary cis acting elements for the synthesis of minus-, plus-and subgenomic RNAs but requires functional SIN nsPs supplied in trans for replication and transcription (Lemm and Rice, 1993a) . The substrate RNA was delivered to cells by infection with vaccinia recombinant vRS.7 (Lemm and Rice, 1993a) . RNase protection assays were used to determine whether different protein combinations could replicate and transcribe the substrate RNAs and the levels of plus-and minus-strand RNA accumulation were measured using a Betagen Betascope. Proteins were analyzed in parallel with all RNA analyses to ensure that all proteins were produced and processed as expected (data not shown).
Ability of independently expressed nsP4 to function in RNA replication To determine whether nsP4 generated with an authentic Nterminus can function in RNA replication, RNA analyses were performed on samples involving coexpression of the P123 polyprotein and the various Ub-nsP4 fusion proteins. P4c, an nsP4 protein with only 153 amino acids of upstream nsP3 sequence, which can be cleaved to produce authentic nsP4, was used as a positive control. This protein has been shown to serve as a source of nsP4 that can function in both plus-and minus-strand RNA synthesis during ei sf X <~-'.P 1r0946 99 n coexpression with P123 (Lemm and Rice, 1993b (Lemm and Rice, 1993b) , were also included as controls. As shown in Figure 3A and Table I to an RNase protection assay. Samples were separated on a 5% polyacrylamide-urea gel and the levels of RNA quantified using a Betagen Betascope as described (Lemm and Rice, 1993a What is clear, however, is that high levels of minus-strand RNA accumulate during coexpression of P123 with Ub-nsP4 (Tyr), that is when nsP4 is expressed with the authentic Nterminal Tyr residue.
More importantly, plus-strand analyses indicated that UbnsP4 (Tyr) was also capable of synthesizing both plus-strand genomic and subgenomic RNAs. Although the levels of RNA accumulation were decreased relative to P4C
( Figure 3B and Table I ), the molar ratio of subgenomic RNA to genomic RNA was -4.5:1, which is similar to that observed with P123 + P4c. It is difficult to determine whether any genomic RNA synthesis occurred when UbnsP4 constructs bearing N-termini other than tyrosine were used as there is a background band that comigrates with the protected fragment for genomic RNAs. However, the bands with Ub-nsP4 (Met) and Met-nsP4 may be somewhat more intense than the background, and long gel exposures clearly showed that a small amount of subgenomic RNA synthesis occurred with Ub-nsP4 (Met) (data not shown).
These results indicate that nsP4, when expressed with its authentic N-terminal Tyr residue, can function in the synthesis of both minus-and plus-strand RNAs, whereas nsP4s bearing the other N-termini support little or no RNA synthesis. Although the negative results with Ub-nsP4 (Leu) and Ub-nsP4 (Arg) could be explained by the low accumulation of these products, this seems unlikely since, in SIN-infected cells, levels of authentic nsP4 undetectable by immunoprecipitation still allow normal replication (Li and Rice, 1989) .
Proteolytic processing requirement for RNA replication Previous coexpression studies using P34 and P123C-G, an nsP2 protease-defective P123 polyprotein, have shown that the P34 polyprotein is not able to function in virus-specific RNA synthesis in the absence of an active viral protease and a cleavable 3/4 site (Lemm and Rice, 1993b) . This suggested that cleavage at the 3/4 site is necessary to form a functional replicase and/or that the Cys residue in the catalytic site of the viral protease is important for an interaction with nsP4 which is necessary for RNA replication. The ability to generate an active nsP4 polymerase from the Ub-nsP4 (Tyr) fusion protein removes the requirement for nsP2 protease activity for generation of a functional nsP4 polymerase. This provided a means to study the effect of mutations in nsP2, which abolish proteolytic processing, on the ability of P123 to function in RNA replication. Several constructs were generated which express P123 polyproteins in which the proteolytic activity residing in nsP2 has been abolished by single amino acid substitutions (Strauss et al., 1992 aCytoplasmic RNAs were isolated from cells infected with vTF7-3 and vRS.7 and transfected with various plasmids, and the RNAs were subjected to an RNase protection assay. Samples were separated on a 5% polyacrylamide-urea gel and the levels of RNA quantified using a Betagen Betascope as described (Lemm and Rice, 1993a) . The accumulation of each sample was normalized with respect to the value obtained for either + 123] or [P4C + 123] and is expressed relative to the control with the value for the control being 1.0. A dash indicates that the sample was < 10% of the wild-type value. The values given represent two independent experiments. bThe Sub: Gen column indicates the molar ratio of subgenomic RNA molecules to genomic RNA molecules.
polyproteins could function as components of a replicase complex, RNA analyses were performed on infections involving coexpression of the various protease-defective P123 proteins and either Ub-nsP4 (Tyr) or P4C (nsP4 with 153 upstream residues). Coexpression of Ub-nsP4 (Tyr) with any of the four protease-defective P123 polyproteins resulted in the synthesis of minus-strand RNAs (Figure 4 , Table II ). In fact, the level of minus-strand RNA accumulation with Ub-nsP4 (Tyr) and either P123c-s, P123H-A or P123H-Y was higher than that observed with the wild-type P123 polyprotein. The level of minus-strand accumulation with P123C_G and Ub-nsP4 (Tyr) was comparable to that observed with P123 and Ub-nsP4 (Tyr) .
Plus-strand analysis of this same set of samples indicated that all protease-defective P123 polyproteins were able to function in the synthesis of plus-strand genomic RNA ( Figure 4 , Table II ). The level of genomic RNA accumulation in some samples was comparable to that observed with P123 and Ub-nsP4 (Tyr), while decreased levels were observed during coexpression of either P123C-G or P123H-Y with . The proteasedefective P123 polyproteins could also function in subgenomic mRNA transcription. However, the molar ratio of subgenomic RNA to genomic RNA was significantly lower than the -4.5:1 ratio observed with P123 and UbnsP4 (Tyr). A similar decrease in the ratio of subgenomic RNA to genomic RNA has also been observed with P123 polyproteins which are cleavage-defective at the 1/2 and/or 2/3 cleavage sites (Lemm and Rice, 1993b) .
In contrast to the results obtained with Ub-nsP4 (Tyr), neither plus-nor minus-strand RNA synthesis could be detected above background during coexpression of the protease-defective P123 molecules with P4C (Figure 4 ). (Lemm and Rice, 1993a) . In that study, however, we could not rule out the possibility that the N-terminal methionine residues adversely affected the properties of the proteins. Recently, using in vitro translation studies, it was shown that substitution of Asp for Asn614 in nsP2 enhances the efficiency of proteolytic processing such that the P123 polyprotein cannot be detected (Strauss et al., 1992) . When incorporated into full-length SIN RNA transcripts, this mutation is lethal for plaque production at 37°C. This phenotype may result because the Asp substitution has a deleterious effect on the ability of P123 to function in RNA replication. Alternatively, it is possible that the lack of a necessary polyprotein, either P123, P12 or P23, prevents formation of a replication complex, resulting in this lethal phenotype. To distinguish between these possibilities, a P123 molecule was generated (called P123N-D) which contains the Asn614-Asp mutation in nsP2 ( Figure 5 ). In addition, this mutation was put into N1*2*3, a P123 polyprotein which is not capable of being processed due to single amino acid substitutions at the 1/2 and 2/3 cleavage sites (de Groot et al., 1990; Shirako and Strauss, 1990 ; Lemm and Rice, 1993b) Gly-Val substitution in the 1/2 cleavage site altered the efficiency of processing at the 2/3 site (see also Shirako and Strauss, 1990) . For N12*3N-D, high levels of N2*3 and nsPl accumulated but the N12*3 polyprotein was not detected (data not shown). The ability of these polyproteins to function in RNA replication during coexpression with Ub-nsP4 (Tyr) was examined. As shown in Figure 6 and Table III, when the Asn614-Asp substitution is present in P123, neither minusnor plus-strand RNA synthesis can be detected above background. However, when this mutation is present in a P123 polyprotein which is not capable of being processed (N1*2*3N-D), or which can only be processed at the 2/3 site (Nl*23N-D), minus-strand RNA synthesis does occur, although the level of RNA accumulation is decreased relative to that observed with either P123 or N1*2*3. When the Asn614-Asp substitution is present in a P123 polyprotein which is capable of being processed only at the 1/2 site (Nl2*3N-D) the level of minus-strand accumulation is comparable to that observed with P123 or N1*2*3. Nl*2*3N-D and Nl*23N-D are also capable of functioning in the synthesis of both plus-strand genomic and subgenomic RNAs although the levels of RNA accumulation are much lower than that observed with either P123 or N1*2*3. In contrast, the level of plus-strand accumulation with N12*3N-D was similar to that observed with either the wild-type P123 polyprotein or N1*2*3. The molar ratio of subgenomic RNA to genomic RNA with NI*23N.D, N12*3N.D or N1*2*3N.D is decreased relative to what is observed with P123; however, this phenomenon is also observed with N1*2*3 (and with P123 polyproteins which are protease-defective) indicating that it is not a result of the Asn614 -Asp substitution but rather results when the P123 polyprotein is not processed to its respective cleavage products.
Although the Asn614-Asp mutation does have some effect on the ability of P123 to function in replication, the fact that Nl*2*3N-D can function in the synthesis of both plus-and minus-strand RNAs suggests that the absence of RNA replication with P123N-D is due to a lack of P123 or processing intermediates rather than a result of the Asn614-Asp mutation. This result, in addition to the fact that protease-defective P123 polyproteins were more efficient at minus-strand synthesis than P123, indicates that the P123 polyprotein can function as efficiently in minus-strand RNA synthesis as either N12*3 or a P123 polyprotein capable of being processed. Surprisingly, higher levels of minus-strand RNA accumulated with N12*3N-Dthan with NI*2*3N.D, comparable to the level observed with N1*2*3 (or N12*3; data not shown). This could be the result of a synergistic effect between the Asn614-Asp substitution and the Gly-Val substitution at the 1/2 cleavage site in Nl*2*3N-D which decreases the efficiency with which N1*2*3N-D can function in replication. Alternatively Ub-nsP4 (Tyr) + 12*3N-D 1.5, 1.4 1.3, 1.3 0.5, 0.6 0.9, 1.0 Ub-nsP4 (Tyr) + 1*2*3 1.7, 1.6 1.0, 0.9 0.3, 0.3 1.0, 1.0 aCytoplasmic RNAs were isolated from cells infected with vTF7-3 and vRS.7 and transfected with various plasmids, and the RNAs were subjected to an RNase protection assay. Samples were separated on a 5% polyacrylamide-urea gel and the levels of RNA quantified using a Betagen Betascope as described (Lemm and Rice, 1993a (Sawicki et al., 1990; Sawicki and Sawicki, 1993) , and determination of RNA accumulation phenotypes using vaccinia transient expression assays (Lemm and Rice, 1993a,b; this study) or following infection of cells with cleavage-defective mutants (Shirako and Strauss, 1994 ) suggest a working model for the composition of SIN replicase complexes and the temporal regulation of SIN minus-and plus-strand RNA synthesis. In the simplest form of this model, depicted in Figure 7 , there are two distinct replication complexes. We propose that a complex consisting of uncleaved P123 and nsP4 is responsible for efficient initiation of minus-strand synthesis. This complex is also capable of plus-strand synthesis, although initiation of genomic and subgenomic RNA synthesis, using the minusstrand template, is inefficient. 
Components of Sindbis virus RNA replicases
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Trans cleav age at the 1 2 and 2 3 sites. conversion to efficient plus-strand initiation transcription corniplex. sttut-off of minus-str.and s nthtesis .ntl Fig. 7 . Model for the temporal regulation of minus-and plus-strand RNA synthesis. Following translation of P123 and P1234, cis cleavage at the 3/4 site produces P123 and nsP4 which associate, possibly along with a host factor (square labeled hf?), to form a minus-strand initiation complex that recognizes the 3' end of the positive-strand RNA (small black box) and initiates minus-strand RNA synthesis.
Accumulation of nsP2-containing proteinases, capable of trans-cleavage at the 1/2 and 2/3 sites, converts the P123 containing minus-strand replication complex into a replicase containing the four individual nsPs. These cleavages result in subtle conformational changes which shift the template preference of the complex to minus strands, leading to efficient plus-strand RNA synthesis. As infection continues, the concentration of trans-acting nsP2-containing proteinases increases such that processing of P123 probably becomes cotranslational. Eventually, the P123 containing replicase complexes will all be converted to complexes containing the individual proteins which are incapable of initiating minus-strand synthesis, resulting in the shut-off of minusstrand synthesis. opal termination codon (Strauss et al., 1983; Hardy and Strauss, 1988; Li and Rice, 1989) . Cleavage at the 3/4 site is believed to occur rapidly in cis (de Groot et al., 1990; Hardy and Strauss, 1989) , which would lead to the production of a complex consisting of P123 and nsP4. The evidence that cleavage at the 3/4 site and that a complex consisting of uncleaved P123 and nsP4 are responsible for initiation of minus strand synthesis is as follows. First, a cleavage-defective P1234 (Lemm and Rice, 1993b; Shirako and Strauss, 1994) or the nsPs expressed individually are incapable of forming functional replication complexes (Lemm and Rice, 1993a ) whereas expression of P123 or derivatives containing blocked cleavage sites leads to synthesis of both minus-and plus-strand RNAs (Lemm and Rice, 1993b; Shirako and Strauss, 1994) . P123 derivatives containing mutations inactivating the nsP2 proteinase can also function in minus-strand synthesis as shown by the coexpression experiments utilizing Ub-nsP4 (Tyr), which removes the requirement for nsP2-mediated cleavage at the 3/4 site. In addition, the absence of RNA synthesis during coexpression of these protease-defective constructs with P4c indicates that cleavage at the 3/4 site, and generation of nsP4, is required for replicase assembly. More compelling evidence that uncleaved P123 or other processing intermediates are essential components of minus-strand replicases comes from the phenotype of the Asn614-Asp nsP2 substitution, which leads to more efficient P123 processing in vitro. This mutation is lethal for SIN plaque formation at 37°C (Strauss et al., 1992) as would be expected given the apparent defect in minus-strand RNA accumulation (this work). Although this RNA phenotype could result from an effect of the substitution on the function of nsP2 or nsP2-containing polyproteins in RNA synthesis, rather than on hyper-processing of P123, the restoration of RNA synthesis when the mutation is expressed in an uncleavable P123 protein argues against this possibility.
The preference of the P123 -nsP4 complex for initiation of minus-strands, as opposed to plus-strands, is suggested by the enhanced minus-strand accumulation in coexpression experiments involving P123 proteins containing an inactivated nsP2 proteinase or blocked 1/2 and 2/3 cleavage sites. Although inefficient, uncleaved P123 can function in plus-strand synthesis as shown by the vaccinia transient expression assays (Lemm and Rice, 1993b; this work) , by replication of SIN RNA replicons expressing cleavagedefective P123 (B.M.Pragai and C.M.Rice, unpublished data), and by the growth of SIN mutants containing mutations blocking P123 cleavage Strauss, 1990, 1994) . In the case of the SIN mutant with blocked 1/2 and 2/3 cleavage sites, minus-strand accumulation was found to be essentially wild-type at 30°C, whereas plus-strand synthesis was severely impaired leading to reduced virus yields Strauss, 1990, 1994) . For this mutant, the defect in plus-strand synthesis was found to be even more pronounced when the temperature was raised to 37°C or 400C.
As the replication cycle continues, RNA amplification and translation of the non-structural region will alter the spectrum of non-structural polyproteins and cleavage products. Very early in infection, P123 should accumulate relative to the number of functional P123-nsP4 replication complexes. Since processing of P123 in vivo probably occurs in trans (reviewed in Strauss and Strauss, 1990) , accumulation of P123 will eventually lead to trans-cleavage at the 1/2 site and the production of proteinases which can cleave at the 2/3 site. As infection progresses and the concentration of trans-acting nsP2-containing proteinases increases, the halflife of P123 will decrease, perhaps to the point where cleavage is effectively cotranslational. With efficient P123 processing, initiation of minus-strand RNA synthesis would become very inefficient or cease. This model would explain the observed shut-off of minus-strand synthesis at 3-4 h post-infection (Sawicki and Sawicki, 1980) and the dependence of minus-strand synthesis on continued protein synthesis (Sawicki and Sawicki, 1980; D.L.Sawicki et al., 1981) , which, in this scenario, reflect the dynamics of P123 synthesis and minus-strand initiation versus cleavage of P123 and inactivation of the minus-strand initiation complex.
The results with the hyperprocessing mutation do not distinguish between an obligate role for P123, as opposed to polyprotein intermediates, in minus-strand replication complexes. Since the N12*3N-D construct allowed efficient minus-strand synthesis and cleavage at the 1/2 site normally precedes cleavage at the 2/3 site, nsPl and P23 may also function in minus-strand complexes. This conclusion is supported by the observation that ts mutants defective in minus-strand synthesis, with lesions in nsPl and nsP3, can complement (M.W.LaStarza, J.A.Lemm and C.M.Rice, submitted; Y.Wang, S.G. Sawicki and D.L.Sawicki, submitted) , a result which is difficult to rationalize if only uncleaved P123 can function in minus-strand initiation. In this model, the critical processing event responsible for inactivation of the minus-strand complex would be cleavage at the 2/3 site.
This mechanism for cessation of minus-strand RNA synthesis differs from an earlier proposal implicating the P34:nsP4 ratio (de Groot et al., 1990) . That model was based on the preference for cleavage at the 2/3 site late in infection leading to production of proteinases unable to cleave at the 3/4 site and a shift from production of nsP4 to P34 (de Groot et al., 1990) . It was suggested that P34 could only function as a plus-strand polymerase and that shut-off of minus-strand synthesis was due to lack of mature nsP4 (de Groot et al., 1990 ). This hypothesis is not supported by the recent studies with ts17 which showed that ts reactivation of minus-strand RNA synthesis late in infection was independent of P34 cleavage (Sawicki and Sawicki, 1993) as was proposed by de Groot et al. (1990) . In addition, transient expression experiments indicate that P34 cannot function as an RNA polymerase (Lemm and Rice, 1993b) and that cleavage at the 3/4 site is necessary for synthesis of all virus-specific RNAs, presumably for production of a multifunctional nsP4 RNA polymerase (Lemm and Rice, 1993b ; this study). It is possible that P34 is simply a byproduct that accumulates as a result of the preference for cleavage at the 2/3 site. Alternatively, P34 may be involved in some other aspect of RNA regulation or host interaction which has not been identified.
Besides the possible role of P123 cleavage for inactivation of minus-strand initiation, processing at the 1/2 and 2/3 sites results in enhanced accumulation of genomic and subgenomic plus-strand RNAs. It seems plausible that this correlation reflects a change in the template specificity of the processed complex for recognition of minus strands leading to efficient initiation of plus-strand genomic and subgenomic RNA synthesis. At least in the vaccinia system, the most dramatic Components of Sindbis virus RNA replicases effect is on the accumulation of subgenomic RNA (see Figure 4B ) suggesting that P123 cleavage may be especially important for efficient subgenomic RNA promoter recognition. This model, in which mature cleavage products nsP1, nsP2, nsP3 and nsP4 form the viral components of functional plus-strand replication complexes, is consistent with the proteins found in solubilized complexes from SINinfected cells (Barton et al., 1991) and the observation that plus-strand synthesis, late in infection, does not require continued protein synthesis (D.L. S.G.Sawicki et al., 1981) .
In apparent conflict with this model are observations that ts mutations mapping to nsP2 (Sawicki and Sawicki, 1993) or nsP4 (Sawicki et al., 1990) can allow resumption of minus-strand synthesis in the absence of new protein synthesis. These results suggest that completely processed P123 can, under some circumstances, function in initiation of minus-strand synthesis. Since both minus-and plus-strand initiation complexes are likely to be composed of the same viral polypeptide sequences, we propose that the conformational differences responsible for determining template specificity, which are normally mediated by P123 cleavage, may also be modulated by mutations and temperature.
Of interest is the critical importance of the N-terminal residue of nsP4 in assembly or function of active replicase complexes. Of the five N-terminal substitutions examined, only the authentic Tyr residue allowed efficient RNA replication and transcription. Although it is possible that each of these N-terminal substitutions affected the RNA polymerase activity proposed for nsP4, it seems more likely that an important interaction involving the N-terminal Tyr of nsP4 and another replicase component, either viral or host, is important for replication complex stability or function. An obvious viral candidate would be the substrate binding pocket of the nsP2 proteinase, given its close juxtaposition to the N terminus of nsP4 after cleavage at the 3/4 site. This might also explain why substitutions for nsP2 active site residues seem to affect the efficiency of minus-strand RNA accumulation during coexpression with Ub-nsP4 (Tyr).
Results derived by transient expression of SIN nsPs and substrate RNAs (Lemm and Rice, 1993a,b; this work) and from recent studies of ts (Sawicki and Sawicki, 1993) and cleavage-defective SIN mutants Strauss, 1990, 1994) are remarkably convergent and provide strong support for the basic ideas put forth in this model for the regulation of SIN-specific RNA synthesis. While our understanding of these regulatory processes is far from complete, many aspects of the model, including the role of P123 cleavage in shut-off of minus-strand synthesis, can be readily tested using available experimental approaches. It is also clear that more efforts are needed to devise cell-free assays which can be used to study initiation events and replicase function. The finding that uncleaved P123 and mature nsP4 are required for initiation of minus-strand synthesis in vivo may prove critical for reconstituting this reaction in vitro.
Materials and methods
Cell cultures and virus growth vTF7-3, a vaccinia recombinant which expresses the T7 polymerase (Fuerst et al., 1986) , was propagated and titered on BSC40 cells as previously described (Hruby et al., 1979) . The growth conditions for BSC40 cells (Hruby et al., 1979) and BHK-21 cells (Lemm and Rice, 1993a) have been described.
Plasmid constructions Ub-nsP4 constructs. Constructs were made by standard cloning methods and regions amplified by PCR were verified by sequence analysis (Sambrook et al., 1989) . To produce a ubiquitin-nsP4 fusion (Ub-nsP4) with tyrosine as the N-terminus of nsP4, a cDNA copy of a single ubiquitin gene was generated by RT-PCR of murine mRNA using 5'-GCGTCTAGATGCAGA-TCTTCGTG-3' as the forward primer, where the italic nucleotides form an X/aI site and the boldface nucleotides represent the initiation codon of ubiquitin, and 5'-ATAGCCACCGCGGAGACGC-3' as the reverse primer, where the italic nucleotides are the complement of the N-terminal tyrosine of nsP4 and the boldface nucleotides are the complement of the C-terminal glycine of ubiquitin. The PCR product was flush-ended by treatment with Klenow fragment and digested with XbaI. The SspI-Hindm fragment was purified from clone M13mpl9.Ssp4 (de Groot et al., 1991) . This fragment begins precisely with the coding sequence of residue two of nsP4 (residue 5772) and ends at the HindM site at position 6267 in the nsP4 region. These two fragments were then inserted into a Bluescript vector that had been prepared by digestion with XbaI and HindH in a three-piece ligation. The resulting clone contains a precise Ub-nsP4 fusion formed by blunt-end ligation of the flush-ended PCR product to the blunt end produced by SspI cleavage, flanked by an XbaI site at the 5' end. The Ub-nsP4 fusion product was then placed downstream of the authentic SIN 5' non-translated region and the nsP4 gene was made whole by ligating the XbaI-HindJI fragment from the Bluescript clone to the HindlI-XbaI fragment from full-length SIN cDNA clone Toto57, which contains a unique XbaI site at nucleotides 54-59 in the 5' non-translated region of the genome . The resulting clone, called pUTR20Y, contains a precise Ub-nsP4 fusion gene positioned downstream of an SP6 promoter and the 5' non-translated region of SIN.
To produce Ub-nsP4 fusions with N-terminal residues other than tyrosine, the same procedure was used but the reverse primers for RT-PCR were primers whose 5'-terminal three residues were the complements of codons for methionine, alanine, leucine or arginine rather than for tyrosine. The resulting plasmids were called pUTR20M, -A, -L or -R, respectively. PCR amplification and cloning was used to position the Ub-nsP4 fusion sequences from the various clones downstream of the bacteriophage T7 promoter and the encephalomyocarditis virus internal ribosome entry site in the expression construct pTM3 (Moss et al., 1990 ). The 5' non-translated region of SIN was not included in these constructs. The structures of the encoded proteins are shown in Figure 1 .
Protease mutants. Plasmids encoding protease-defective P123 polyproteins were constructed by several subcloning steps which introduced single amino acid substitutions in the nsP2 coding region which completely abolish the proteolytic activity of nsP2 in vitro (Strauss et al., 1992) . pTM3/ SIN123C_G has previously been described (Lemm and Rice, 1993b) . pTM3/SIN123c-s was generated by replacing a PvuIl-NheI fragment of pTM3/SIN123 with the corresponding region from pC104OS.4 (Strauss et al., 1992) , resulting in a plasmid which encodes a P123 polyprotein containing a Cys-Ser substitution at residue 481 of nsP2. The PvuII-NheI fragment of pRG43.6.1 (Strauss et al., 1992) was used to replace the corresponding region in pTM3/SIN123, thereby generating pTM3/ SIN123H-A which encodes a polyprotein containing a His-Ala substitution at residue 558 of nsP2. pTM3/SIN123H-y, which encodes a polyprotein containing a His-Tyr substitution at residue 558 of nsP2, was generated by replacing the PvuII-NheI fragment from pTM3/SIN123 with the corresponding region from pRG61.18.1 (Strauss et al., 1992) .
Plasmid pRG66.102 encodes a polyprotein containing an Asn-Asp substitution at residue 614 of nsP2, which increased the efficiency of proteolytic processing by nsP2 in vitro (Strauss et al., 1992) . The PstI-BstM fragment from pRG66. 102 was used to replace the corresponding region in pTM3/SIN123, thereby generating pTM3/SIN123N-D.
pTM3/SINl*2*3N-D was generated by replacing the PstI-EcoRI fragment of pTM3/SINI*2*3 (Lemm and Rice, 1993b) with the corresponding fragment from pTM3/SIN123N-D, generating a plasmid encoding a P123 polyprotein that has increased efficiency of proteolytic processing by nsP2 yet cannot be processed at either the 1/2 or 2/3 cleavage sites (an asterisk is used to indicate cleavage sites which have been blocked). To generate P123 polyproteins containing the Asn-Asp substitution which are cleavage-defective at the 1/2 site (termed Nl*23N-D) or 2/3 site (termed N12*3N.D), sequences in pTM3/SIN123 (Lemm and Rice, 1993b) were replaced with the appropriate regions from pTM3/SINI*2*3N-D.
Expression and analysis of SIN-specific products Mammalian transient expression assays using the vaccinia-T7 hybrid system were performed using BHK-21 monolayers as previously described with minor modifications (Grakoui et al., 1993) . Briefly, expression assays of J.A.Lemm at al.
transfected plasmid constructs utilized subconfluent monolayers of BHK-21 cells which had previously been infected with vTF7-3 and vRS.7 at an MOI of 5 p.f.u. per cell of each virus for 1 h at room temperature. After removal of the inoculum, cells were transfected at 37°C by using a mixture consisting of 4 jg of plasmid DNA and 12.5 Ag of Lipofectin (BRL) in 1 ml of MEM.
Protein analysis. At 4 h p.i. the medium was removed and the cells were labeled at 37°C in MEM containing 1/40th of the normal methionine concentration, 1 tg/mli of dactinomycin, 5 % fetal calf serum and 20 MCi of Tran35S-label (ICN) per ml. After labeling, the cells were lysed as previously described (Li and Rice, 1989) and the lysates immunoprecipitated with antibodies monospecific for SIN nsPI, nsP2, nsP3 or nsP4 (Hardy and Strauss, 1988) . The immunoprecipitated products were analyzed by SDS-PAGE. Gels were treated for fluorography (Laskey and Mills, 1975) , dried and exposed to X-ray film.
RNA isolation and analysis. At 4 h p.i. the medium was removed and replaced with prewarmed medium containing 1 Mg/ml of dactinomycin and the cells were incubated at 37°C. At 8 h p.i., cells were washed with icecold phosphate-buffered saline and then lysed with 1 ml of RNAzol B lysis solution (Tel-Test, Inc.) . Samples were extracted with chloroform and the RNA was collected by precipitation with isopropanol. Substrate-specific RNAs were analyzed using a two-cycle RNase protection assay previously described by Novak and Kirkegaard (1991) with minor modifications which were previously described in detail (Lemm and Rice, 1993a) . For minus-strand analysis, 3.5 Ag of total cytoplasmic RNA was used for hybridization while 0.5 yg of total cytoplasmic RNA was used for plus-strand analysis. Radiolabeling of strand-specific probes and the annealing conditions were as previously described (Lemm and Rice, 1993a ).
An RNA probe 289 nt in length was used for minus-strand analysis. After RNase digestion the size of the fragment protected by hybridization to minusstrand RNA is 251 nt. For plus-strand analysis, an RNA probe (314 nt) was used which included regions 5' and 3' to the start site for subgenomic RNA synthesis. After RNase digestion the sizes of the fragments protected by hybridization to genomic and subgenomic RNAs are 283 and 186 nt, respectively.
